Spectroscopic Studies on the Folding and Unfolding of a-Lactalbumin in the Presence of Small Ligands
Bovine a-lactalbumin is a globular single-chain protein (mol.wt. 14 176) with four intrachain disulphide bonds, no free thiol groups, four tyrosine and four tryptophan residues. It is thus well suited to difference spectroscopy, and we chose this method to follow conformational change.
We decided to study folding in the presence of smaller molecules, since the concentration of metabolites in vivo is potentially sufficient to affect folding. For example there is enough free amino acid in liver for one molecule (on average) to be in the domain of a typical folding protein (Singh et al., 1975) .
When we first attempted to measure the unfolding and folding caused by a change in the urea concentration, we noted some unusual difference spectra. They could be interpreted, at low urea concentration, as a combination of positive contributions from tyrosine residues (286nm) and negative ones from tryptophan residues (292nm). The latter means that conformational change and exposure of tryptophan residues to the solvent occurred at urea concentrations as low as 0.1 M. Tyrosine residues followed a more normal course and began to emerge into the solvent at about 3 M-urea. Thus the tryptophan-emergence curve was biphasic, with about 0.3 tryptophan residue emerging between 0 and 3 M-urea, and another two between 3 M-and 8 M-urea. The remaining 1.7 residues were exposed in the native protein and remained so during unfolding. Also, small tryptophan difference spectra could be produced by changing the solvent at pH 7.0 from aq. NH3 to sodium phosphate. The biphasic tryptophan transition was confirmed by circular-dichroism measurements at 297.5nm (Cowburn et al., 1972) . The collected normalized denaturation curves are shown in Fig. 1 . They were completely reversible and suggested that our preparation of a-lactalbumin contained a labile tryptophan environment (cf. Kronman et al., 1972) . We found very little pH-dependence between pH4.5 and 9.2, nor did removal of the C-terminal amino acid with carboxypeptidases A and B have any effect. The Cterminal leucine residue is believed to lie close to tryptophan-I 18 (Warne et al., 1974) , but this result suggests that, in our preparation, residue 118 is already exposed to the solvent. Tryptophan-26 is buried near the centre of the molecule, so that the labile region was probably in the cleft, and involved residues 104 and 60. Fig. 1 includes the circular-dichroism curve for helix disappearance, and it is noteworthy that the helix apparently persisted well after all the aromatic residues had emerged, though none of I977 570th MEETING, CARDIFF
[Urea] (M) Fig. 1 . Normalized denaturation curves of a-lactalbumin in urea All measurements were made in 0.1 M-sodium phosphate, pH7.0. 0 , Helix content from circular dichroism at 200nm to 260nm; 0, tyrosine emergence from difference spectrum at 286nm; 0 , tryptophan residues from difference spectrum at 292nm; w, circular dichroism at 282.5nm; Mixed A, tryptophan chromophores at 297.5nm by circular dichroism. The AG~aIivc-denaIured values shown were calculated from the equilibrium constants extrapolated to [urea] = 0. these is contained in helical regions in the proposed structure (Warne et al., 1974) . This implies that the helices are the parts of the molecule most resistant to disruption.
Having determined the unexpectedly complex folding-unfolding behaviour, we then attempted to use an even more complex system. We studied folding induced by reduction of urea concentration in the presence of (a) N-methylnicotinamide, which interacts weakly with tryptophan residues (Bradshaw & Deranleau, 1970) , and (6) some amino acid derivatives, and (c) sodium dodecyl sulphate as an example of a fairly strongly interacting ligand.
Because of the complexity, we were able to reach only limited conclusions. N-Methylnicotinamide interacted with all four tryptophan residues in 8 M-urea, but on refolding it was displaced from about three of them. The refolded protein was indistinguishable from the native protein in its interaction and there was no entrapment (cf. Svenson & Anderson, 1972) .
The effect of urea on the protein-sodium dodecyl sulphate complex was extremely complicated. The saturated complex had a characteristic structure as revealed by its circular dichroism (50% helix) and its difference spectrum. Urea appeared to shift the equilibrium between the complexed and the uncomplexed protein. More sodium dodecyl sulphate was required at higher urea concentrations to reach similar structures.
Unsubstituted amino acids and their N-acetyl derivatives (e.g. 0.1 M-N-acetylglycine) had no detectable effect on folding behaviour. Nor did the methyl esters (e.g. O.~M-Lleucine methyl ester). These may be regarded as analogues of the N-and C-terminal Vol. 5 The Ae, at 292nm is the difference spectral peak for tryptophan, corrected to water and relative to the native state. Urea was present to keep the uncharged amino acid derivatives in solution. Inset at the right is the effect of number of carbon atoms in R in the series CH3-CO-NH-CHR-CO-OCH3 (i.e. the N-acetyl methyl esters of glycine, alanine, valine, a-aminobutyric acid and leucine) all at 0.45 M in 3.5~-urea.
residues. The N-acetyl methyl esters correspond to individual residues in a polypeptide chain, and since they are believed to play a substantial role in the process of folding we examined particularly N-acetyl-L-leucine methyl ester and the corresponding derivatives of glycine, alanine, a-aminobutyric acid and valine. These caused difference spectral shifts corresponding to unfolding. The magnitude of the effect depended, as expected of a hydrophobic interaction, on side-chain length (Fig. 2) . It seems that hydrophilic charged species have very little effect on protein folding and interact preferentially with the putative surface of proteins. Most water-soluble metabolites would perhaps come into this category, as would its substrates if the protein were an enzyme (Teipel & Koshland, 1971 ).
